Temperature dependence of the acoustoelectric current in graphene The acoustoelectric current in graphene has been investigated as a function of temperature, surface acoustic wave (SAW) intensity, and frequency. At high SAW frequencies, the measured acoustoelectric current decreases with decreasing temperature, but remains positive, which corresponds to the transport of holes, over the whole temperature range studied. The current also exhibits a linear dependence on the SAW intensity, consistent with the interaction between the carriers and SAWs being described by a relatively simple classical relaxation model. At low temperatures and SAW frequencies, the measured acoustoelectric current no longer exhibits a simple linear dependence on the SAW intensity, and the direction of the acoustoelectric current is also observed to reverse under certain experimental conditions. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4905222] Surface acoustic waves (SAWs) have been used extensively over the last few decades as a contactless probe to study the electronic properties of nanostructures such as quantum wires and dots. 1, 2 In addition, the transfer of momentum 3, 4 from the wave to charge carriers via the piezoelectric interaction can be used to trap and transport charge over macroscopic distances. This effect has been exploited as a means, for example, of storing light in quantum wells 5 and generating and manipulating single electrons and photons, particularly for metrology and quantum information processing. [6] [7] [8] Recently, acoustoelectric charge transport has been investigated in graphene, 9,10 and we have previously reported acoustoelectric charge transport at room temperature in large area graphene, transferred onto lithium niobate, between contacts up to 500 lm apart. 11 Using double finger inter-digital transducers (IDTs), we characterised the acoustoelectric current as a function of both SAW intensity and frequency, and at all SAW frequencies a positive acoustoelectric current was observed in the direction of SAW, indicating the transport of holes; consistent with the fact that CVD graphene is thought to be p-doped by water, 12 and the PMMA residues and etchant salts arising from the transfer process. 13 We also showed that these room temperature results were consistent with the attenuation of the SAW being described by a relatively simple classical relaxation model. 14 In this manuscript, we report measurements of the acoustoelectric current in the same devices as a function of temperature, and also of SAW intensity and frequency. At high SAW frequencies, the direction of the acoustoelectric current remains consistent with the transport of holes over the temperature range studied. However, for low SAW frequencies at low temperature, and also at low SAW intensities, the direction of the acoustoelectric current reverses, consistent with the net transport of electrons. We believe that the very different behaviour observed at different SAW frequencies, corresponding to different SAW wavelengths, reflects the different length scales over which the SAW probes the electronic properties of the graphene.
Commercially available CVD graphene grown on copper was transferred in-between two identical, double-finger IDTs on 128 YX lithium niobate SAW delay lines. The IDTs, which had a transducer aperture of 3.25 mm, define an acoustic path length of 5.2 mm and were designed to give resonances at a number of frequencies. Graphene was transferred following the standard PMMA transfer technique, 15 with Raman spectroscopy used to confirm that it was single layer. E-beam lithography and thermal evaporation were used to define relatively large area contacts (3 mm Â 20 lm), consisting of 7 nm Cr and 70 nm Au, on top of the graphene (see Figure 1 ). All measurements were made between contacts C and D that were 300 lm apart. Further details of the sample fabrication and characterisation can be found in Ref. 11 .
Samples were bonded to a printed circuit board (PCB), using a conductive silver epoxy, which was then mounted on the cold-finger of a close-cycle cryostat and measurements were undertaken at different temperatures, with the chamber evacuated to a pressure of approximately 3.6 Â 10 À6 mbar. The conductivity of the graphene was measured using a two terminal current-voltage measurement, with no SAW present. For acoustoelectric measurements, a continuous SAW was excited at the input transducer using an Agilent 8648C RF signal generator, and the SAW amplitude was measured at the output transducer using a LeCroyWaveRunner digital oscilloscope. A Keithley 2400 source-measurement unit (SMU) was used to measure the acoustoelectric current (I ae ) generated in the graphene (no bias was applied between the contacts).
In Figure 2 , the acoustoelectric current measured as a function of SAW intensity and temperature is plotted for a SAW frequency of 269 MHz. At this frequency, which corresponds to a SAW wavelength of approximately 15 lm, a positive acoustoelectric current was observed in the direction of SAW at all temperatures, although the size of the measured acoustoelectric current decreases with decreasing temperature (note that at temperatures below 95 K, the measured acoustoelectric current begins to increase slightly with decreasing temperature. However, at a SAW intensity of 0.02 W/m, for example, the measured current at 48 K is still approximately 35Â smaller than that measured at 300 K). The straight lines shown in Figure 2 are least square linear fits to the measured data, where we have taken the acoustoelectric current density j (Refs. 3 and 4) to be given by
where l is the carrier mobility and Q is the phonon pressure given by Q ¼ IC v , and I is the SAW intensity, C is the attenuation coefficient, and v is the velocity of the wave (approximately 4000 m/s). In this model, the acoustoelectric current therefore depends linearly upon the SAW intensity, as observed in the measured data, and the linear fitting was carried out using the mobility as the fitting parameter. The attenuation coefficients at each temperature were calculated using the measured values of the conductivity (which are plotted in Figure 3(a) ) and by assuming that the piezoelectric interaction between the SAWs and charge carriers is described by a simple classical relaxation model, 14 such that the attenuation per unit length (C) is a non-monotonic function of the diagonal component of the conductivity tensor r
where k is the SAW wavelength, K 2 ef f is the piezoelectric coupling coefficient (0.056 for lithium niobate), and the attenuation coefficient has a maximum at a characteristic conductivity r M . For a hybrid system based on lithium niobate (LiNbO 3 ), the characteristic conductivity r M is approximately given by
where e 0 is the permittivity of free space, e S xx and e S zz are the dielectric constants of LiNbO 3 at constant stress. The attenuation coefficients calculated using Eq. (2) are also plotted as a function of temperature in Figure 3(a) , with the values of mobility obtained from the fitting plotted in Figure 3(b) .
The value of mobility obtained at room temperature is much smaller than the typical room temperature values ($1000 cm 2 V À1 s
À1
) we have extracted from field effect characteristics measured on similar 3 mm Â 3 mm devices, 16 where CVD graphene was transferred into Si/SiO 2 substrates. However, as no other values of mobility in CVD graphene transferred onto lithium niobate have been reported, the difference in the mobilities could be due to the different properties of the substrates. In addition, although the measured linear dependence of the acoustoelectric current on SAW intensity and SAW frequency, 11 for high SAW frequencies or at high temperatures, suggests that the relatively simple model of the acoustoelectric transport described above can be used to describe the measurements presented here, it should be noted that the attenuation of the SAW by the charge carriers in the graphene is determined by the conductivity of the graphene on the scale of approximately one half of the SAW wavelength. 17 If the conduction path is inhomogeneous, the values of mobility obtained from this model will therefore depend on the SAW frequency used and may be different to those obtained, for example, from a field effect measurement. On initial cooling (at temperatures above 200 K), our results suggests that the mobility decreases, whereas the carrier concentration increases. One possible mechanism for this increase in the carrier concentration is the condensation of water, which is a known dopant, 12 onto the surface of the sample as it is initially cooled in the relatively poor vacuum of the cold-finger cryostat. In addition, the conductivity of large-area CVD graphene is known to arise from many competing mechanisms. 18, 19 Even at room temperature the conductivity of transferred CVD graphene is known to be spatially inhomogeneous, due to grain boundaries (as the graphene is polycrystalline), tears, wrinkles, and nonhomogenous impurities, 20, 21 and the potential barriers associated with grain boundaries can lead to thermally activated conductivity 21, 22 and mobility. 23 At low temperature, this causes the graphene to tend towards insulating, as observed here (Figure 3(a) ). The inset of Figure 3(b) is an Arrhenius plot of the extracted mobility values, where the dotted line is a linear fit to the values in the range of 100 K-300 K. The mobility can therefore be fitted well by an Arrhenius relation, with the mobility l / exp(ÀE a /kT), where E a is the activation energy and k is the Boltzmann constant, and an activation energy of 60 meV was obtained from the linear fit shown in the inset. Yazyev and Louie 22 calculated that the potential barriers associated with grain boundaries lie in the range of 0.3 eV-1.4 eV, depending on the structure of the boundary. Song et al. 21 and Kumari et al. 23 obtained activation energies of 10 meV and 16.2 meV for the measured conductivity of CVD graphene, respectively, which they assigned to the effect of grain boundaries. Kumari et al. 23 also obtained a slightly higher value of activation energy, 18.8 meV, from the temperature dependence of the measured mobility. The value of activation energy obtained here is therefore consistent with the conductivity of the CVD graphene, on lithium niobate, also being strongly affected by the presence of grain boundaries.
At high temperatures, the acoustoelectric current measured at lower SAW frequencies also has a linear dependence on the SAW intensity, as shown for SAW frequencies of 32 MHz and 11 MHz in Figures 4(a) and 4(b) , respectively, and a positive acoustoelectric current is also observed in the direction of the SAW propagation (note that to allow the results at different frequencies to be compared, we have corrected the SAW intensity using the measured response of the transducer at each temperature at each frequency). In this case, smaller values of mobility (6 cm 2 V À1 s À1 for 11 MHz at room temperature) have to be used to get good agreement between the calculated and measured values of acoustoelectric current. However, at 269 MHz, one half of the SAW wavelength is approximately 8 lm, which is the order of the size of typical single crystal grains, 21 whereas at 11 MHz half of the SAW wavelength is $180 lm. The low frequency SAW will therefore be much more sensitive to the effect of grain boundaries in the conductivity, leading to a lower value of the mobility extracted through the SAW measurements. The use of different frequencies SAWs therefore could allow the conductivity of the graphene to be probed over different length scales.
At low temperatures, the measured intensity dependence of the acoustoelectric current at low SAW frequencies is markedly different from that obtained at high frequencies. For SAW frequencies of 32 MHz and 11 MHz, the measured acoustoelectric current no longer shows the simple linear dependence on the SAW intensity as observed at higher temperatures and higher SAW frequencies. Furthermore, at 32 MHz, below 80 K and for SAW intensities below approximately 0.065 W/m, the current reverses direction, indicating that overall the SAW is now transporting more electrons than holes. At 11 MHz, this effect is much more pronounced and for all temperatures below 100 K a negative current is observed at low values of SAW intensity. At low carrier densities and temperatures, the conductivity of the graphene becomes strongly affected by the formation of a large number of electron-hole charge puddles, and an important component of the conductivity will be the percolation of thermally excited "activated" carriers over potential fluctuations in disorder sites (charge puddles or grain boundaries). 18 The low frequency SAW is again likely to be much more sensitive to this due to the relative large length scales over which it probes the conductivity. Moreover, in this regime the SAW itself could influence the conductivity of the graphene, through the transfer of momentum to the carriers, as shown in Eq. (1), leading to the observed non-linear dependence of the current on the SAW intensity.
Finally, one scenario in which a reversal of the current direction could occur is when the doping of the graphene is due to relatively widely spaced, but high density, puddles of holes superimposed on a relatively low density, but more uniform, density of electrons. Recently, intrinsic spontaneous polarization of hexagonal SiC has been proposed as a possible mechanism of the doping of quasi-free-standing graphene on the surface of the SiC. 24 Lithium niobate is highly pyroelectric 25 and on cooling it is possible that induced surface charge could cause n-type doping. However, much more work is required to understand this, and also how the use of a different substrate influences the doping of the graphene caused by water. 12 Further work is now underway to investigate the temperature dependence of the acoustoelectric transport in devices, in which the carrier density within the graphene can be varied using an electrostatic gate. This should allow further information to be extracted regarding the different conduction regimes.
In conclusion, we have investigated the temperature dependence of acoustoelectric charge transport in large-area CVD graphene transferred to lithium niobate substrates. At high SAW frequencies, the measured acoustoelectric current decreases with decreasing temperature, but remains positive, which corresponds to the transport of holes, over the whole temperature range. The measured current is also proportional to the SAW intensity over the temperature range, consistent with the attenuation of the SAW by the carriers in the graphene being described using a simple classical relaxation model. The measured acoustoelectric current at low SAW frequencies at high temperatures is also linearly proportional to the SAW intensity, but in this case much lower values of mobility have to be used to give good qualitative agreement between the measured and calculated values of the acoustoelectric current. This suggests that the use of different frequency SAWs with associated different wavelengths allows the conductivity of the graphene to be probed over different length scales. At low temperatures and SAW frequencies, the measured acoustoelectric current no longer exhibits a simple linear dependence on the SAW intensity, and the direction of the acoustoelectric current is observed to reverse under certain experimental conditions. We believe that this is due to the interaction between the SAW and the complex conductivity landscape of the graphene in a percolation regime. However, much more work is required to understand this fully.
